Twenty-eight non-spreading mutants of the gliding bacterium Cyfophaga johnsonae were generated by different approaches and subsequently studied to determine whether they possessed traits commonly assumed to be associated with such mutants. Many non-spreading variants of C. johnsonae purportedly possess a static cell surface as opposed to the dynamic one of the motile parent strain. A moving cell surface has been supposed to be responsible for an array of traits associated with motile cells, but missing in non-motile cells. Phage sensitivity, chitin digestion and the ability of cells to move latex beads over their surfaces are some of the alleged motilitydependent traits. Also, it has been reported that non-spreading mutants possess a cell surface that is less hydrophobic than that of the parent strain. We characterized our collection of mutants in relation to the above mentioned traits to determine whether these characteristics indeed required a moving cell surface. Our findings showed that neither phage sensitivity nor chitin digestion were motility-dependent. In addition we noted that nonspreading mutants could possess surfaces more (rather than less) hydrophobic than the motile parent strain.
Introduction
Several features associated with the cell envelope of bacteria such as cytophagas and flexibacters -organisms able to translocate (glide or spread) over solid surfaces without the use of visible locomotory machinery -have been correlated with such motility (Chang et al., 1984; Wolkin & Pate, 1985) and in at least one instance have been shown to play a determinative role (Abbanat et al., 1986) . Although the nature of the machinery responsible remains unknown, a general model for involvement of cell surface components required for gliding motility has been proposed (Pate, 1988) : moving components of the cell envelope are responsible for maintaining the movement of 'slime' over the cell surface, and interaction of this moving material with the substratum enables the cell to translocate. Pate (1988) believes that a rotary motor, perhaps similar to those associated with flagella, is the machinery responsible for slime movement, whilst Lapidus & Berg (1982) envisage that unidentified components within the outer membrane, moving along putative tracks that run the length of the cell, are responsible for the motion of the cell surface layers.
Chang et al. (1984) reported that one class of non-gliding mutants of Cytophaga johnsonae was pleiotropic in that the mutants displayed none of several wild-type characteristics (including cell translocation over surfaces, movement of polystyrene latex beads over the cell surfaces, the flipping and spinning movements of cells seen in wet mounts, bacteriophage sensitivity and the ability to digest chitin); these strains were designated 'TNM' mutants (Chang et al., 1984) . Wolkin & Pate (1 985) reported further that these strains invariably exhibited decreased cell-surface hydrophobicity relative to that of the parent strain, and that direct selection of cells for decreased hydrophobicity co-selected for nonmotile mutants displaying none of the wild-type traits listed above. These observations have been considered to provide support for the notion that the pleiotropy of such mutants 'reflects alterations of several surface properties that occur as a consequence of converting a moving surface slime to a static slime enveloping non-motile cells' (Pate, 1988) . A moving cell surface (or slime layer) was considered to be necessary not only for cell translocation, but also for unmasking of the phage receptor and accessibility of chitin by cellsurface enzymes (Chang et al., 1984) . We describe here the characteristics of nearly thirty mutants -some spontaneous, others obtained by different types of mutagenesis -defective in the ability to translocate. Many of these mutants are notably different, in ways we believe to be significant, from the typical pleiotropic strains mentioned above.
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Methods
Bacteria and phages. The parent strain was Cytophaga johnsonae ATCC 43786. Non-spreading strains were selected, sometimes after mutagenesis procedures, by their inability to form spreading colonies on LTY agar (see below). All experiments were performed with cultures that had an OD650 of approximately 0.4 (mid-exponential phase, approx. lo9 cells ml-l). Cultures of all strains were kept on LTY agar plates and stored at 4 "C. Long term shortage of cultures was achieved by mixing 1 ml of liquid culture with 0.1 ml sterile dimethyl sulphoxide and depositing the mixture in a freezer kept at -70 "C. All experiments were performed with overnight cultures started from non-spreading (or in the case of the parent strain, spreading) colonies on LTY agar plates. This was done to ensure that non-gliding cells of those strains that tended to revert to the spreading phenotype were used for experiments. All phages used [4Cj7, 4Cj28, 4Cj30, 4Cj42 and 4CJ54 (Pate et al., 1979) ] were the kind gift of the late J. Pate (University of Wisconsin, USA).
Media. Low tryptone-yeast extract (LTY) medium contained 0.05 % (w/v) Bacto-tryptone, 0.05% (w/v) Bacto-yeast extract and 143% (w/v) Bacto-agar (when solid medium was desired), and it was used for short term storage of strains, selection of non-spreading mutants and to detect spreading or non-spreading colonies. EC medium contained 0.33% (w/v) Bacto-tryptone and 0.08% (w/v) Bacto-yeast extract; for solid media, Bacto-agar was added to 0.6 or 0.9% (w/v). Minimal liquid medium contained 10 mwKNO3, 7 ~M -K~H P O~, 250 pM-Na2S0, and 1 % (v/v) mineral base (Cohen-Bazire et al., 1957) (except that the sulphate salts were replaced with equimolar amounts of their chloride or nitrate counterparts so that the mineral base was nominally sulphurfree). In all experiments except those dealing with chitin utilization, fructose was added to minimal medium to a final concentration of 40 mM. Chitin was partially hydrolysed following the method of Stanier (1946) and stored at 4 "C as a suspension in minimal medium at a concentration of 2 g dry weight chitin per 100 ml medium. When minimal medium was used in the preparation of chitin liquid medium, KN03 was not included. Partially hydrolysed chitin suspension (10 ml) was diluted with additional (25 ml) minimal medium to produce chitin (approx. 0.57 %, w/v) minimal medium.
Growth on chitin minimal medium. Cells used to inoculate chitin liquid minimal medium were grown in LTY medium for 24 h, and 0.5 ml of this culture (OD6So = 0-8, approx.) was added to flasks containing chitin medium. The inoculated flasks were then placed on a shaker at room temperature (25-30 "C) for 9 d. The flasks were inspected for growth at 4 and 9 d after inoculation by allowing the chitin to settle out, after which the turbidity of the culture supernatant was observed. Growth was confirmed by measuring cellular protein (Bradford, 1976) .
Mutagenesis. Mutagenesis was performed using N-methyl-"-nitro-N-nitrosoguanidine (NTG), 2-aminopurine (2-AP), or ultraviolet radiation. NTG mutagenesis was performed as described by Miller (1972) except 100 mM-sodium phosphate buffer (pH 7.4) was used and cells were harvested after 75 min exposure to NTG. Mutagenesis with 2-AP was also performed as described by Miller (1972) except that concentrations of 0.9, 1.2 and 1.8 mg ml-l of 2-AP were used. A killing curve was established for UV mutagenesis and the exposure giving 1 % survival was used in further UV mutagenesis experiments. Nonspreading colonies were chosen from LTY plates, isolated and used for further experiments.
Some other non-spreading strains arose spontaneously as phageresistant mutants inside plaques formed by phage. Three other strains, NS-1, SR-2 and SR-3 arose spontaneously.
Determination of reversion to the glidingphenotype. It had been noticed in our laboratory that continuous serial transfer of non-gliding mutant colonies of Cytophaga johnsonae from plate to plate often led to reversion to the gliding phenotype (unpublished observations). In order to test the stability of our non-spreading mutants, non-spreading colonies were chosen, streaked onto a LTY agar plate and incubated for 2 d at 25 "C. After growth appeared, a portion of material from the edge of the growth line was picked with a loop and streaked onto another LTY agar plate that was incubated in the same manner. This cycle was continued until either the strain started to produce zones of spreading cells, or for 10 successive transfers. If a strain remained non-spreading after 10 successive transfers on LTY agar, it was considered stable; otherwise it was categorized as reverting.
Measurement of hydrophobicity. Hydrophobicity was measured as the proportion of cells that adhered to hexadecane droplets after vortexing vigorously for 1 min as described by Wolkin & Pate (1985) . A hydrophobic index (HI) was calculated using the formula HI = (OD, -ODf)/ODi, where ODi is the OD535 value of the cell suspension before vortexing with hexadecane, and ODf the OD535 value of the aqueous phase after vortexing with hexadecane and phase separation. On the scale of 0-1, a low number indicates a relatively low hydrophobicity and a high number, a high hydrophobicity.
Assay for bead binding and bead movement. Polystyrene latex beads (diameter 0.26 pm, Seragen Diagnostics) were mixed with culture (approximately 50 beads per cell). The cells were observed at a magnification of 400x under a phase contrast microscope, first to observe whether the cells had beads bound to them and if so, to see if the beads were being moved across the surface of the cells. New slides were prepared every 3-5 min to prevent suspensions from becoming anoxic.
Assay for phage sensitivity. In order to determine whether strains were phage-resistant or phage-sensitive, a plaque assay was performed on a lawn of the test organism. For this screening, cells were grown in liquid EC medium to an OD650 of 0.4 and diluted in fresh EC medium to an OD6s0 of 0.1-0.2. All five phage lysates were diluted to give 100-300 plaques per plate on a lawn of the parent strain. The diluted phage lysate (0.1 ml) and the cell suspension (0-5 ml) were pipetted into 3 ml molten EC agar (0.6% agar), vortexed to mix the suspension and the contents of the tube were poured onto an EC agar plate (0.9% agar). Once the overlays had solidified, the plates were inverted and incubated at 25 "C overnight. The plates were then examined for the presence of plaques indicating phage sensitivity.
Assay for sulphonolipid. Cells were examined for the presence of sulphonolipid by labelling with Na235S04, as previously described (Godchaux & Leadbetter, 1983) .
Isolation of mutants
Non-gliding strains were isolated from colonies that were raised, compact and smooth-edged. They were thus unlike the thin, flat, feathery edged spreading colonies typical of the parent strain. In all, 28 such non-gliding mutants were obtained and represent spontaneous events as well as those induced by specific mutagenesis. Table 1 lists those mutants studied and notes from whence they originated (NTG or 2-AP treatment, exposure to UV radiation, as non-spreading colonies within a plaque resulting from bacteriophage multiplication, or arising spontaneously). Those mutants designated 'L' were PR42-1, PR42-2, PR54-1, PR54-2 generated through chemical or UV mutagenesis, except for one (L-10) that arose spontaneously. Mutants labelled 'PR' followed by a number were isolated as nonspreading colonies that arose inside a phage plaque. The numerical designation of the phage from which these strains were first isolated follows the letter prefix. Those mutants labelled 'SR' were spontaneously arising nongliding mutants of a streptomycin-resistant variant of our parent strain. Strain NS-1 has been described previously (Godchaux et al., 1990) as has strain 21A2I (Abbanat et al., 1986).
Hydrophobicity
The HI values for the non-spreading strains (as well as the parent strain) are shown in 
Stability of the non-gliding trait
Of the 28 mutants studied, 12 readily reverted to a spreading phenotype after several serial transfers on LTY agar (Table 2 ). There was no correlation between this phenomenon and HI value. Tests for reversion of each non-spreading strain were performed at least twice.
Bead binding and bead movement
As noted in Table 2 , mutants differed in their ability to bind beads, and the most hydrophilic strains usually lacked this trait. Those strains able to bind and move 
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beads were termed 'active-surface' non-gliding mutants and are also listed in Table 2 . Invariably these activesurface mutants were able to revert to a gliding phenotype upon serial transfer on agar media.
Utilization of chitin for growth
Chitin-dependent growth was assayed in liquid medium because, although some strains grew on chitin minimal agar, no zones of clearing were observed (even with parent strain cultures). The parent strain and all reverting strains grew on chitin in liquid. Additionally, several of the stable, non-reverting strains also utilized chitin as a source of carbon, nitrogen and energy. These are denoted in Table 2 .
Susceptibility to bacteriophages
Susceptibility was determined using plaque assays since simply dropping a portion of the lysate onto a lawn of cells yielded ambiguous and sometimes non-reproducible results. The mutants were not identical in terms of their ability to support bacteriophage multiplication ; presumably those phage from which plaques did not develop failed to adsorb to, or penetrate, the cell envelope. Some strains (including NS-1) were sensitive to all five phages that were tested, while others were sensitive to only some. Reverting, active-surface strains were all sensitive to all five phage (as was the parent strain). However, strain 21A21, a reverting strain, was resistant to at least one phage (Gorski et al.. 1991) . The strains resistant to all five phage usually possessed low HI values. Nonreverting strains with HI values higher than the wild type were sensitive to at least two of the bacteriophages.
Sulphonolipid content
polystyrene latex beads over their surfaces, showed no twirls or flips in wet mounts, were not susceptible to infection by any of an array of bacteriophages, were unable to digest chitin and, additionally (Wolkin & Pate, 1985) , had HI values significantly lower than that of the parent strain. The unusual ability of the cytophagas to move particles over their cell surfaces had earlier led to the interpretation (Lapidus & Berg, 1982;  that these cells possessed surfaces unusual in that all areas were constantly in motion. The inference drawn from the traits of these mutants was that the change from an actively moving surface to a static one was responsible, and could account for, the pleiotropy (Chang et al., 1984) . The moving component(s) of the cell surface was considered to be a slime, the loss or change of which (or a defect in the machinery that moves it) would result in a stagnant surface.
We have isolated 28 non-spreading mutants and found (as we discuss in more detail below) that a significant proportion of these lack bead movement, can digest chitin, and/or are susceptible to two or more of the five bacteriophages that we tested, and/or have HI values greater than or equal to that of the parent strain. Hence, the generalization about pleiotropy, and the model suggested to explain it, are not correct. It is not apparent to us why our non-spreading, 'surface-inactive' strains exhibit a much wider range of other traits than those described by Chang et al. (1984) and Wolkin & Pate (1985) and, indeed, we have no means of knowing this. What deserves emphasis, however, is that whilst some of our mutants possessed an array of traits similar to those reported by these authors (thus indicating comparability of methods of analysis), other mutants did not (hence their generalization is contradicted by our observations).
Non-spreading mutants with HI values higher than that of the parent strain
With the exception of strain 21A21, a sulphonolipiddeficient mutant described by Abbanat et al. (1986) , all The
Of Our cover a range the nOn-Spreading mutants contained amounts of sulconsiderably greater than those reported by Wolkin & phonolipid comparable to those found in the parent Pate (1985); moreover, Sorongon et al. (1991) reported strain.
recently on the varying hydrophobicities of different strains of C . johnsonae. They found that the surface
Discussion
The examination of a large number of mutants of Cytophaga johnsonae selected on the basis of their inability to form the thin, spreading colonies with feathery edges typical of wild-type strains (Chang et al., 1984) , led to the recognition that a significant fraction of the mutants possessed an unusual pleiotropy. These mutants (termed 'TNM') were deficient in traits typical of the parental strain: they were not able to move hydrophobicity values of a strain could vary, depending upon the assay employed. Particularly noteworthy were the gliding capabilities of two strains, one with a very hydrophobic surface (as indicated by two of the three assays employed), the other with a quite hydrophilic surface. Thus, in these studies as well, there was no direct relationship between surface hydrophobicity and the ability to glide. What is clear from the study of our mutants then is that, in contrast to the findings of Wolkin & Pate (1985) , it is not necessary that cells of nonspreading strains possess a surface less hydrophobic than the wild type in order to lack the ability to flip, twirl and move beads (Table 2 ). Mutants such as PR28-1 and PR30-1 (selected for bacteriophage resistance), NS-1 (spontaneous) and L-12 (obtained after chemical mutagenesis) all lack these traits and are characterized by HI values considerably greater than that of the parent strain; that is they are judged to have surfaces more, rather than less (as Wolkin and Pate would predict) hydrophobic than the parent strain. As was the case for the TNM mutants reported by Chang et al. (1984) , the four above appear to possess static surfaces, but differ from the TNM mutants in that they are sensitive to infection by at least two of the bacteriophages tested, and strain NS-1 is sensitive to all of them. Indeed, strains (active-surface or not) with HI values above that of the parent strain show sensitivity to at least two of the bac terioFhages.
Non-spreading mutants with HI values lower than that of the parent strain
Several of our mutants display characteristics that would categorize them as TNM strains by the classification system of Wolkin and Pate. Those non-reverting mutants that have HI values lower than the parent strain, indicating a more hydrophilic surface, also are resistant to all five bacteriophages, and they do not flip or spin in wet mounts. In addition, SR-3 (the only one of this group that binds beads) does not move beads over its surface. Four of these strains (PR54-2, L-1, L-4 and L-15) do not digest chitin whereas the remaining six do so. These six would thus be excluded (Chang et al., 1984) from the 'TNM' class, though only on the basis of one trait, chitin digestion. There are several additional non-reverting strains that digest chitin but possess an HI value greater than the parent strain. Hence, there appears to be no correlation between either HI value or surface activity and chitin utilization. However, the reverting strains all digest chitin.
Reversion to the spreading phenotype as it relates to bead movement
We did observe one very high (though not exclusive) correlation between the ability to bind and move beads and the ability to revert rapidly to a spreading phenotype. The nature of this reversion is not clear. It is possible, however, that the surface properties necessary to permit spreading by active-surface cells are controlled by some sort of switchable genetic element, whereas mutations affecting the basic locomotory machinery are generally more destructive ones.
'Active-surface' strains that do not form spreading colonies
Other mutants that we describe here (all of our reverting strains) were similar to members of another set of mutants described by Chang et al. (1984) . Their MNS strains moved beads, flipped and spun in wet mounts, digested chitin, but did not form spreading colonies even though they possessed an active surface. All the MNS strains isolated by Chang et al. (1984) and Wolkin & Pate (1985) possessed lower HI values than the parent strain. All strains that we noted to revert readily to the spreading phenotype seem likely to be of the MNS phenotype, that is they exhibited active surfaces but did not form spreading colonies. However, the HI values of the putative MNS mutants ranged from below to above that of the parent strain.
Properties of a curable mutant
It is worthy to note that one mutant, 21A21, behaves as a wild-type cell only when supplemented with L-cysteate, with which it is then able to synthesize the Nacylaminosulphonates (sulp honolipids) which are ot herwise absent (Abbanat et al., 1986) . This particular mutant does revert, but differs from our other reverting strains in that it does not move beads over its surface, and it is resistant to at least one of the bacteriophages (Gorski et al., 1991) . A high molecular mass polysaccharide is secondarily absent in this mutant, but is restored to parent strain levels when the cysteate deficiency is alleviated (Godchaux et al., 1990) . The HI values for cells of the mutant strain indicate a somewhat less hydrophobic character (HI = 0.16) than that found for the parent strain (HI = 0.23). This is surprising since one of the surface components absent in the mutant is the polysaccharide, which appears to be quite hydrophilic . The impact of the increased content of ornithine amino lipids (Pitta et al., 1989) and the absence of sulphonolipids on the HI values of this mutant can only be a matter of speculation now, for we are unaware of what other envelope changes may exist in the strain. It appears that the role of the polysaccharide is to facilitate spreading (gliding) of the bacterium, rather than to be a part of the locomotory machinery per se . The suggestion that two systems operate in gliding motility of wild-type cells had been anticipated (Pate, 1988) . If his interpretation of machinery (a) that keeps surface components moving and its interactions with (b) an accessory system (surface polymers, slime) is applied to mutant 21A21, it is clear that this particular mutant has both a component of the basic machinery and a component of the accessory system restored by provision of the simple molecule cysteate.
Conclusions
We conclude from the several observations and measurements reported here that correlations between the presence and absence of cell traits so diverse as colony spreading, bead movement, chitin digestion, phage sensitivity and apparent cell surface hydrophobicity may provide clues and insight into the enigma of gliding motility, but they do not establish causal relationships. A study of the temporal sequence of the appearance of gliding, bead movement, phage sensitivity and sulphonolipid accumulation when mutant 21 A21 was 'cured' by provision of L-cysteate (Gorski et al., 199 1) provides further discrimination between correlative evidence and causal relationships. A careful, comparative biochemical analysis of the portion of the cell -the outer envelope -likely to be in contact with the substratum upon which cells glide would appear to be the most attractive means by which to discern the nature and mechanics of the locomotory machinery and of any ancillary factors responsible for this enigmatic be haviour .
